The archetype cubic chiral magnet MnSi is home to some of the most fascinating states in condensed matter such as skyrmions and a non-Fermi liquid behavior in conjunction with a topological Hall effect under hydrostatic pressure. Using small angle neutron scattering, we study the evolution of the helimagnetic, conical and skyrmionic correlations with increasing hydrostatic pressure. We show that the helical propagation vector smoothly reorients from 111 to 100 at intermediate pressures. At higher pressures, above the critical pressure, the long-range helimagnetic order disappears at zero magnetic field. Nevertheless, skyrmion lattices and conical spirals form under magnetic fields, in a part of the phase diagram where a topological Hall effect and a non-Fermi liquid behavior have been reported. These unexpected results shed light on the puzzling behavior of MnSi at high pressures and the mechanisms that destabilize the helimagnetic long-range order at the critical pressure.
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I. INTRODUCTION
A well-known route to discover new and exotic states of matter is by tweaking the magnetic interactions through chemical substitution or hydrostatic pressure. A prominent example is the archetype chiral cubic magnet MnSi that hosts some of the most peculiar states reported in condensed matter physics, such as skyrmion lattices 1, 2 and under hydrostatic pressure a non-Fermi liquid (NFL) phase 3, 4 . The NFL phase is characterized by a T 3/2 temperature dependence of the resistivity and emerges for p > p C ≈ 1.4 GPa without quantum criticality 5 . In addition, this phase is home to a sizable topological Hall effect (THE) [6] [7] [8] , a key characteristic of topological non-trivial magnetic order. For p > p C the long-range helimagnetic order at zero field is suppressed and a partial helimagnetic order has been reported 9, 10 , the nature of which and its relation to the NFL and THE signals remains an open question.
Substantial qualitative changes to the ground state of MnSi already occur at pressures lower than p C . The NFL and THE behavior for T > T C has been reported for p > p * ≈ 1.2 GPa, as illustrated by Fig. 1 systematically applied the magnetic field both parallel and perpendicular to the incoming neutron beam, designated by its wavevector k i . In this way, we obtain a complete overview of the helimagnetic, conical and skyrmionic correlations that has not been provided by previous studies.
We find that at zero magnetic field the helical prop- agation vector τ reorients around p * from 111 at low pressures to 100 at high pressures. Furthermore, although the long-range helimagnetic order disappears for p > p C , a magnetic field induces long-range skyrmion lattices and conical spirals even for p > p C , in a region of the phase diagram governed by NFL and THE behavior. These unexpected results provide a strong indication that at high pressures the magnetic moment depends strongly on the strength of the magnetic field. Hydrostatic pressure would therefore soften the magnetic moment and consequently enhance the itinerant electron character of the magnetism of MnSi, an effect that could play a role in the destabilization of the helimagnetic long-range order at p C .
II. EXPERIMENTAL
The SANS measurements were performed at the timeof-flight instrument Larmor of the ISIS Neutron Source and on a 110 mg single crystal of MnSi. These measurements were complemented by high resolution neutron spin echo (NSE) spectroscopy measurements at the IN15 spectrometer of the Institut Laue-Langevin. In both experiments, the sample was aligned with the [110] crystallographic direction vertical and positioned in the clamp type pressure cell described in Ref. 16 . More experimental details are provided in the Supplemental Material 17 .
III. RESULTS AND DISCUSSION
A. Zero Field Figure 2 (a)-(c) displays characteristic SANS patterns collected at zero magnetic field and for different temperatures and pressures. The patterns for p = 1.0 GPa are very similar to the ones seen at zero pressure: below T C ≈ 14 K long-range helical order sets-in with τ 111 . However, above T C , we do not observe the intense ring of scattering seen at ambient pressures, and which is characteristic of the isotropic, chiral and short-range helimagnetic correlations seen in the precursor phase [18] [19] [20] [21] [22] . In addition, the temperature evolution of the total scattered intensity displayed in Fig. 2(d) , obtained by summing the intensity over the entire SANS pattern, is different from that at lower pressures. For p = 0 and 0.1 GPa there is a clear kink at T C , which is completely absent at higher pressures. Therefore, we conclude that this diffuse scattering weakens considerably with increasing pressure and at high pressures it does not exceed the background of the pressure cell. This substantial weakening of the diffuse scattering indicates a suppression of the precursor phase. This conclusion is supported by the NSE spectra presented in the supplement 17 ( Fig. S10 ), which under pressure do not show the fluctuations associated with the precursor phase but remain elastic on the nanoseconds timescale even for T T C . This result is also consistent with the disappearance under pressure of the 'shoulder', characteristic of the precursor phase, observed slightly above T C in the temperature dependence of the resistivity and specific heat 23, 24 .
When the pressure reaches 1.3 GPa, the helical Bragg peaks broaden substantially [ Fig. 2(b) ], implying that the direction of τ is relatively ill-defined. Surprisingly, if the pressure is further increased to 1.4 GPa, the peaks become again as sharp as for lower pressures. However, the helices are no longer aligned along 111 but along 100 (see Fig. 2 (c) and the rocking scans of Fig. S1 ). This unexpected and novel result reveals that the direction of τ crosses over around p * . This effect can be accounted for by the cubic anisotropy,
, which has only minima at τ || 111 for K < 0 and τ || 100 for K > 0 25 . Our results thus reveal that K changes sign around p * , the region of the phase diagram where Larmor diffraction indicates an abrupt change of the spontaneous magnetostriction 5 .
The change of the sign of K is accompanied by a relative weakening of the ferromagnetic exchange with respect to the Dzyaloshinsky-Moriya interaction. This is revealed by the decrease of the pitch of the helix ∝ J/D, shown in Fig. 2(e) , which is consistent with earlier measurements 12 . In addition, we note that the total scattered intensity at low temperatures does not reduce dramatically with increasing pressure, not even for p > p * [ Fig. 2(d) ]. Therefore, the magnetic moment does not vanish, which is in agreement with previous studies 11, [26] [27] [28] . Finally, the temperature depen- dence of the total scattered intensity also indicates that the weak first-order phase transition, as seen at ambient pressure [19] [20] [21] 29 , persists up to p C .
B. Magnetic Field
The results under magnetic field are summarized by Fig. 3 , which displays SANS patterns and contour plots of the total scattered intensity as a function of temperature and magnetic field at different pressures and for both experimental configurations: B|| k i and B ⊥ k i . These results clearly show three distinct regimes: p < p * , p * < p < p C and p > p C .
For p < p * , the magnetic field-temperature phase diagrams remain qualitatively the same as at zero pressure. This is illustrated by the contour plot of Fig. 3(a) , which displays the total scattered intensity for p = 1.0 GPa and for B|| k i , the configuration sensitive to helical modulations perpendicular to the magnetic field. This plot shows two regions with intensity: at low magnetic fields and below T C owing to the helical phase, and at intermediate magnetic fields, in the A-phase region, due to the six-fold symmetric SANS patterns [ Fig. 3(g) ] characteristic of the skyrmion lattice phase 1 . In the complementary configuration with B ⊥ k i , which is sensitive to helimagnetic correlations parallel to the magnetic field, the SANS patterns show two peaks along the field [ Fig.  3(g) ], characteristic of the conical phase, which coexists with the skyrmion lattice in the A-phase.
The behavior changes considerably above p * . For p * < p < p C the skyrmion lattice appears at temperatures significantly higher than T C [ Fig. 3(b),(c) ]. At p = 1.3 GPa > p * , the skyrmion lattice phase persists up to T = 9.4 K, i.e. T C + 0.4 K. At a slightly larger pressure of 1.4 GPa, the skyrmion lattice extends up to T = 4.5, i.e. T C + 1.5 K, which is a most remarkable result. A similar but even more pronounced effect is seen for the conical phase, which as shown by the contour plot of the total scattered intensity for B ⊥ k i [ Fig. 3(e) ], persists up to T ≈ 5.5 K, i.e. up to ≈ 2T C .
Above p C , the skyrmion lattice and conical spiral scattering appears under magnetic fields despite the absence of any scattering at zero field. This is illustrated by the patterns of Fig. S4 and the contour plots of Fig.  3(d) ,(f) for p = 1.5 GPa, which show that the skyrmion lattice scattering appears up to T = 3 K [ Fig. 3(d) ], whereas the conical scattering persists up to temperatures as high as T = 4.5 K [ Fig. 3(f) ]. The characteristic skyrmion lattice pattern of six peaks is seen for B || k i [ Fig. 3(j) ], superimposed on a weak ring of scattering. These six maxima are noticeably broader along the ring than at lower pressures [ Fig. 3(g) ], suggesting that the sixth-order anisotropy, which couples the skyrmion to the crystallographic lattice 1, 30 , weakens considerably at these high pressures. On the other hand, the width of both the peaks and the ring is limited by the experimental resolution. Among the six skyrmion lattice maxima, two are oriented along the 110 -crystallographic directions and their combination with the ring of scattering thus closely resembles the scattering that was previously attributed to partial helimagnetic order 9, 10 . The intensity and extent of both the skyrmion lattice and conical scattering strongly depend on the magnetic history. As shown in Fig. 4 , when the field is increased, skyrmion scattering appears between 0.22 and 0.43 T whereas it does not reappear when the magnetic field is decreased from 0.8 T, i.e. from the field-polarized state. On the other hand, with increasing field, the conical scattering appears at the same magnetic field as the skyrmion lattice phase, increases rapidly at ∼0.4 T before vanishing at the field-polarized state. However, when the magnetic field is decreased from 0.8 T to zero, the conical scattering reappears, becomes even more intense, in particular below ∼0.4 T, and extends down to very low fields. This strong hysteric behavior suggests that sizable energy barriers are involved in the nucleation of these field-induced phases.
The formation under magnetic field of skyrmion lattices and conical spirals at T > T C for p * < p < p C and at T > 0 for p > p C is a remarkable observation, which sheds light on earlier puzzling magnetization results 26 . In the absence of long-range helimagnetic correlations at zero field, an important question is that of the ground state out of which a magnetic field can stabilize skyrmion lattices and conical spirals. If this state would consist of a partial helimagnetic order, as previously suggested 9,10 , one would expect a considerable amount of scattering to persist down to zero magnetic field especially when the magnetic field is reduced from high to low values (Fig. 4) . However, this is not what we observe. One may argue that we are hindered by the background of the pressure cell that would mask the scattering of the partial helical order. On the other hand, as seen in Fig. 2(d) , the background of the cell is small enough to let us observe the diffuse scattering of the precursor phase at low pressures, which is more than two orders of magnitude weaker than the maximum of the conical scattering at 1.5 GPa (Fig. 4) . We thus conclude that we should have been able to observe the partial helical order if the intensity of the scattering would have been comparable to that of the diffuse scattering of the precursor phase at low pressures.
The destabilization of the long-range helical order at p C and the nature of the phase that sets-in above p C have been widely debated in the literature [31] [32] [33] [34] [35] [36] [37] . In the absence of quantum criticality 5 it has been suggested that the NFL and THE behavior would be the signature of spin textures and spin excitations with a nontrivial topology 37 . These would predominately be stabilized by magnetic moment modulus fluctuations, resulting from the reduced longitudinal spin stiffness and the weak itinerant electron character of the magnetism in MnSi 31 . The softening of the magnetic moment implies that the magnetization modulus becomes strongly field dependent, and this could explain the formation of conical spirals or skyrmion lattices under magnetic field, even in the absence of any long-range helimagnetic correlations at zero field 38 . Following this scenario, hydrostatic pressure would reduce the longitudinal spin stiffness and soften the magnetic moment. In other words, hydrostatic pressure would enhance the itinerant electron character of the magnetism in MnSi and this enhancement could be a driver in the destabilization of the long-range helical order at p C .
IV. CONCLUSION
In conclusion, our SANS results shed light on the puzzling behavior of MnSi under pressure. With increasing pressure, first the helical propagation vector smoothly reorients from 111 to 100 around p * . At higher pressures, the helimagnetic order persists at zero magnetic field up to p C . Nevertheless, magnetic fields stabilize conical spirals and skyrmion lattices even in the absence of helimagnetic correlations at zero field, thus even above p C in a part of the phase diagram where previous studies reported NFL and THE behavior. This unexpected observation can possibly be attributed to a softening of the magnetic moment reflecting an enhancement of the itinerant electron character of the magnetism in MnSi with increasing pressure. We argue that this enhancement could be a driver in the destabilization of the longrange helical order at p C . 
Sample and Pressure Cell
The measurements were performed on a 110 mg single crystal of MnSi of approximately 2×2×3 mm 3 in size which originates from the same batch as the samples used in 21, 30, 39, 40 . It was aligned with the [110] crystallographic direction vertical and placed in a cylindrical teflon tube. High pressures were generated using a CuBe/TiZr double-wall clamp cell with a 50 -50% mixture of FC770 and FC75 as pressure transmitter. Details of the pressure cell and the modus operandi can be found in ref.
16 .
SANS
The SANS measurements were performed at the timeof-flight instrument LARMOR of the ISIS neutron source using neutrons with wavelengths 0.09 ≤ λ ≤ 1.25 nm. The sample was located 4.4 m from the detector that consists of 80 3 He tubes, each 8 mm wide. The magnetic field was applied with a 2T 3D vector field cryomagnet both parallel and perpendicular to the incoming neutron beam. We carefully eliminated the residual magnetic fields by warming up the entire cryomagnet prior to the measurements. All SANS patterns are normalized to standard monitor counts and background corrected using a high temperature measurement.
The scattering function S(Q) is a one dimensional representation of the 2D SANS patterns and obtained from radially averaging the SANS patterns of e.g. Fig. 2 . Fig.  S2 shows example data at zero magnetic field and at T = 2 K for different pressures. The data were fitted to a Gaussian:
with the pitch of the helix and ∆ the FWHM. The resulting values of at zero magnetic field are provided in Fig. 2(d) . The integrated intensity is computed by summing all scattered intensity with a momentum transfer of 0.2 < Q < 1.2 nm −1 .
NSE Spectroscopy
The Neutron Spin Echo (NSE) Spectroscopy measurements were performed for p ∼ 0.2, 1 and 1.3 GPa at the IN15 spectrometer of the Institute Laue-Langevin. The measurements were performed in the paramagnetic NSE configuration and the neutron beam had a wavelength of λ = 0.9 nm and a monochromatization of ∆λ/λ = 15%. The results for p=1.3 GPa are displayed in Figure  S10 and show that the intermediate scattering function I(Q, t) remains purely elastic from low temperatures up to T ∼ T C . In fact the NSE signal is elastic at all temperatures where measurements are possible (at higher temperatures the magnetic signal weakens considerably in comparison to the background generated by the pressure cell and this hinders a reliable determination of the paramagnetic NSE response).
As mentioned in the main text, the absence of relaxation for T T C confirms the suppression of the precursor phenomena with increasing pressure shown by the SANS results of Fig. 2 . This suppression is also consistent with the weakening with increasing pressure of the 'shoulder', which is characteristic of the precursor phase and is seen slightly above T C in the temperature dependence of the resistivity and the specific heat 23, 24 . t) is measured on the magnetic Bragg peak, i.e. Q = τ , and is provided for four temperatures below the critical temperature of TC = 6.8 K.
